[1] Most oceanic islands are due to excess volcanism caused by thermal and/or compositional mantle melting anomalies. We call attention here to another class of oceanic islands, due not to volcanism but to vertical motions of blocks of oceanic lithosphere related to transform tectonics. Sunken Sr at $11-10 Ma. Three former islands on the crest of the Romanche transverse ridge are now at $900 m bsl; they show horizontal truncated surfaces of oceanic crust capped by $300 m thick carbonate platforms, with 10-6 Ma Sr isotopic ages. These sunken islands formed due to vertical tectonics related to transtension/transpression along long-offset slow-slip transforms. Another tectonic sunken island is Atlantis Bank, an uplifted gabbroic block along the Atlantis II transform (SW Indian Ridge) $700 m bsl. A modern tectonic island is St. Peter and St. Paul Rocks, a rising slab of upper mantle located at the St. Paul transform (equatorial Atlantic). ''Cold'' tectonic islands contrast with ''hot'' volcanic islands related to mantle thermal and/or compositional anomalies along accretionary boundaries and within oceanic plates, or to supra-subduction mantle melting that gives rise to islands arcs.
Introduction
[2] Oceanic islands, such as those scattered across the Pacific ocean, can be viewed as anomalies relative to the ''depth versus square root of age'' law [Sclater et al., 1971] , derived from cooling of oceanic plates as they move away from mid-ocean ridges. Since Wilson [1963] and Morgan [1972] , oceanic islands have generally been regarded as due to excess volcanism, related to mantle thermal and/or compositional anomalies. In the Pacific they are generally aligned parallel to the motion of the Pacific plate (a classic example is the Hawaiian-Emperor Chain), probably because they form as the plate transits above a quasi-stationary plume. As a volcanic island leaves the plume site, volcanism ceases, the plate cools, and the island subsides and sinks below sea level, in a mechanism hinted at already by Darwin [1844] .
[3] We describe here a different type of oceanic islands, i.e., nonvolcanic, tectonic islands formed by vertical motions of slivers of oceanic lithosphere due to transform tectonics. We will discuss old and new data on sunken tectonic islands capped by carbonate platforms detected close to equatorial Atlantic transform faults ( Figure 1a ) [Bonatti et al., 1977 [Bonatti et al., , 1983 [Bonatti et al., , 1994a [Bonatti et al., , 1994b . We reconstructed their origin, evolution and demise based on reprocessed seismic reflection profiles, and on new facies analysis as well as paleontological and Sr isotopic dating of carbonate samples. We will also describe an island formed by uplift and subsidence of a gabbroic block along the Atlantis II transform in the SW Indian Ridge (Figure 1b) , and a present-day tectonic island, i.e., St. Peter-Paul Rocks in the equatorial Atlantic ( Figure 1a ). These observations on present-day and fossil tectonic islands will lead to a simple classification of oceanic islands based on their origin.
Methods

Geophysics
[4] Bathymetric and seismic reflection data summarized in this paper were obtained from the Vema and Romanche fracture zones during a number of expeditions with research ships Vema and Conrad (LDEO), Pillsbury and Gillis (University of Miami), Explora (OGS), Strakhov and Gelendzhik, operated by ISMAR-CNR, Italy. Details on acquisition and processing parameters can be found in Fabretti et al. [1998] and Bonatti et al. [1994a Bonatti et al. [ , 2005 for the Vema surveys, and in Bonatti et al. [1994b] and Gasperini et al. [1997a] for the Romanche surveys. Seismic reflection data obtained from the Vema and Romanche platforms have been reprocessed in order to carry out poststack depth migration. Poststack depth migration was achieved by a finite difference approximation to the wave equation, using acoustic velocities derived from analysis of reflected/refracted arrivals by fitting P wave amplitudes and arrival times of recorded shot gathers with those of synthetic gathers obtained by forward two-points ray tracing [Cerveny et al., 1988] . Additional sequences were applied to remove bottom surface multiples using a 2-D surface-related multiple elimination (SRME) technique and adaptive filters; and to attenuate random and coherent noise, by filtering in the common shot, offset, receiver domains as well as f-k and tau-p domains.
[5] Data for Atlantis Bank were obtained on site surveys for ODP and IODP Legs 118 and 176. These included dredging, magnetics, narrow beam echo sounding and the Canadian ROV ROPOS from the British Antarctic Survey ship James Clark Ross Cruise 31, and the British Geologic Survey diamond coring drills. The Japanese Agency for Marine-Earth Science and Technology RV Yokosuka deployed the DSRV Shinkai 6500 on two cruises (MODE98 Leg 4 and Cruise and RV Kaire deployed the ROV Kaiko (MODE 2000 Leg 4).
[6] Spatial analysis and mapping were performed using the GMT [Wessel and Smith, 1998 ] and PLOTMAP [Ligi and Bortoluzzi, 1989] packages.
Facies Analysis
[7] Facies analyses were carried out by macroscopic and binocular microscope examination of carbonate samples and by thin section studies under the petrographic microscope.
Strontium Isotope Analysis
[8] Ages of the carbonates were estimated by Sr isotopes measured by thermal ionization mass spectrometry (TIMS) and multi-Collector inductively coupled plasma mass spectrometry (MC-ICPMS). Carbonate chips (35-70 mg) chosen from the interior, least altered parts of the sample, were handpicked and mechanically cleaned using a dental drill in order to remove fine-grained sediments or other visible contaminants. The subsamples were inspected under a binocular microscope and then crushed into a powder with an agate mortar and pestle.
TIMS
[9] The majority of the samples (28) were transferred to acid-cleaned bullets and rinsed three times with quartz-distilled water and one time with methanol in ultrasonic bath. Powders were then leached with 0.05 N HCl. Bulk samples were dissolved in double distilled 3 N HNO 3 and Sr was separated using standard ion exchange techniques, using Eichrom Sr-SPEC resins. Sr isotopes were measured by dynamic multicollection on a VG 54 TIMS at Lamont-Doherty Earth Observatory. The 87 Sr/ 86 Sr ratios were normalized to a stable isotopic 86 Sr/ 88 Sr ratio of 0.1194 and corrected for machine bias to an NBS-987 value of 0.71024 6 0.00004 [Terakado et al., 1988] . Separate analyses of NBS-987 standard gave a mean 87 Sr/ 86 Sr value of 0.710264 6 0.000016 (2, n ¼ 25, corresponding to an external reproducibility of 22 ppm).
MC-ICP-MS
[10] The remaining 19 samples were rinsed three times with MilliQ water in acid-cleaned bullets before leaching with 0.3% acetic acid to remove 30-40% of CaCO 3 . This first leaching step is designed to remove ions from exchangeable or leachable sites on the mineral surfaces. The remaining material was rinsed with MilliQ water and leached again with 0.4% acetic acid to remove 30% of CaCO 3 for analysis, following a procedure by Li et al. [2011] . The supernatant solutions were evaporated and adjusted to 3 N HNO 3 for ion exchange chromatography. The solutions were loaded into 300 ml columns containing 100-150 mm bead size Eichrom Sr-SPEC resin to remove matrix and isolate Sr from the interfering elements Ca, Rb, REE. The columns were preflushed with 1 ml 3 N HNO 3 and 3 ml MilliQ-water and conditioned using 1 ml 3 N HNO 3 . Strontium was eluted from the columns with 2.5 ml MilliQ-water and each solution was adjusted to 0.5 N HNO 3 for elemental and isotopic measurements.
[11] Strontium isotope ratios were measured using the MC-ICPMS ThermoScientific Neptune Plus at LSCE (Gif-sur-Yvette, France). Prior to the extraction of Sr for isotopic analysis a small aliquot of each sample solution was analyzed for Ca, Sr, Rb, and REE concentrations using a quadrupole ICP-MS (Xseries II Thermo Fisher Scientific). The Ca/Sr mass ratios ranged between 40 and 1800. After chemistry, Ca/Sr mass ratios were reduced to 0.8-1.2 and Rb concentrations were systematically below the detection limit. All the solutions were then diluted to 50 ppb Sr and introduced into the Neptune using an ESI-APEX desolvating system and a 100 ml/min nebulizer. The sensitivity for 50 ppb Sr solution was 7 V on 88 Sr peak and the blank level (0.5 N HNO 3 ) was 0.01 V. The samples and standards were analyzed in a static multicollection mode in a single block of 50 cycles with an integration time of 8 s per cycle. Sr ratio for all the samples was corrected for instrumental bias to an accepted value for NBS-987 of 0.71024 6 0.00004 [Terakado et al., 1988] . All the 87 Sr/ 86 Sr ratios were converted into numerical ages using the regression curves LOWESS look-up 
Results
Sunken Island at the Vema Transform
[12] The Mid-Atlantic Ridge is offset at 11 N by the $320 km long Vema transform (Figure 2a) . A $5 km deep transform valley is filled by over 1 km thick horizontally stratified turbidite deposits of probable South American derivation (DSDP Sites 216 and 353). A transverse ridge runs parallel to the transform on its southern side ( Figure  2a) ; it consists of a sliver of flexured and uplifted oceanic lithosphere [Bonatti et al., 2003 [Bonatti et al., , 2005 . Multichannel seismic reflection profiles along the summit of the transverse ridge imaged on its western, shallowest portion a strong horizontal reflector (Reflector B) extending along the crest for roughly 50 km (Figure 3a ). This reflector is capped by a $500 m thick unit. The unit above Reflector B gives acoustic velocities in the range 2-3 km/s, consistent with carbonate rocks. The seismic profile shows stratification above Reflection B and a rather incoherent pattern below it (Figure 3a) , suggesting that Reflector B corresponds to the interface between the limestones and the top of the oceanic crust, an interpretation confirmed by extensive sampling [Bonatti et al., 1983 [Bonatti et al., , 1994a . Acoustic velocities jump to $4 km/s immediately below Reflector B, in line with the prevalence of upper crustal basalts. They then increase close to 5.25 km/s $200 m below Reflector B, consistent with the dominance of lower crustal doleriticgabbroic rocks (Figure 3 ).
[13] Seismic reflection data and the study of carbonate samples suggest that: (a) horizontal Reflector B represents a surface where the top of the basaltic oceanic crust was eroded and truncated at a former sea level. This implies that the summit of the Vema transverse ridge emerged at some stage in the past above sea level, i.e., formed an island; (b) the unit above Reflector B represents a 400-500 m thick carbonate platform, that grew on the eroded surface during subsidence; (c) an horizontal reflector (Reflector A) observed within the carbonate platform roughly 100 m below the top (Figure 3a) , suggests that the growth of the platform was interrupted by a second younger sea level erosional event, possibly caused by eustatic sea level changes superimposed on lithospheric thermal subsidence. Reconstructions of sea level changes [Haq et al., 1987; Abreu and Anderson, 1998] show a strong sea level drop within the 12-10 Ma time interval, i.e., within the Sr isotopic age range for the Vema carbonate platform; (d) ray tracing forward modeling (Figure 3) suggests that the thickness of the upper basaltic crust below erosional surface B is reduced to $200 m due probably to mostly subaerial erosion of the upper $1 km of basaltic crust; consequently, lower crustal units (dyke complex and gabbros) are found close to the top of the igneous section; (e) a 10 km long stretch of horizontal Reflector B was detected on the crest of the Vema transverse ridge roughly 2 km east of the eastern edge of the main portion of the reflector (Figure 3a) . This short stretch of Reflector B is not capped by a carbonate unit but lies close to the present day seafloor. It probably represents the erosional surface of a small fragment of upper oceanic crust, i.e., a former small island that emerged to the east of the longer Vema island. Bonatti et al. [1983] . Following restudy of some of the old samples and of a study of new post-1983 cruise samples, we recognized six main facies (Table 1) . Facies V1 (Figure 2b ) and V2 have been recovered from the western portion of the Vema platform; facies V1, V3 (Figure 2c ), V4, and V5 from the eastern portion of the platform; facies V1 and V6 from the central part of the platform. Samples from different sites along the Vema carbonate platform, although characterized by different textures, are dominated by the same biota assemblages, i.e., perforate larger benthic foraminifera, red algae, and rare corals. No real reef facies have been recognized. We suggest a ramp or a flattopped shelf geometry for the platform.
[15] Nannofossil calcareous biostratigraphy on three samples gives ages older than 9.4 Ma and 2 Ma (see online supporting information 1 ).
[17] The occurrence in the western part of the platform of sedimentary dykes filled by shallow-water carbonates and the intense dissolution of calcitic Miogypsina tests provide evidence of fresh water diagenesis, suggesting subaerial exposure. The emergence of the platform was accompanied and/ or followed by tensional cracking, fissuring, and leaching of the early consolidated limestones. Subsequent shallow-water skeletal deposits (related to subsidence and/or sea-level rise) penetrated the tensional cracks and dykes. The horizontal seismic Reflector A, identified within the carbonate platform, probably records this emergence episode ( Figure 3a ). Sr ratio [Edmond, 1992] to estimate the age of the Vema carbonates. The ratio 87 Sr/ 86 Sr was determined in a number of carbonate samples, and the corresponding ages were derived from regression curves of McArthur et al. [2001] and McArthur and Howarth [2004] . Given possible postdepositional recrystallization of the carbonates, as well as possible admixture with carbonates younger than the original platform phases, we surmise that the oldest calculated ages are closest to the real age of the platform. The maximum ages fall around 11 Ma (Table 2 ). This age is close to the age estimated for the transtensional flexure and uplift event of a lithospheric slab at the southern side of the Vema transform [Bonatti et al., 2005] .
Sunken Islands at the Romanche Transform
[19] The Mid-Atlantic Ridge is offset near the equator by the $950 km Romanche transform, the longest transform of the entire mid-ocean ridge system ( Figure 4a ). Given its length and slip rate, the age contrast at the ridge/transform intersections is close to 50 Ma. The transform deformation zone is peculiar in so far as it is lens shaped with an up to 120 km width [Ligi et al., 2002] . This wide and complex transform deformation zone, contrasting with the narrow (a few kilometers) deformation zone observed in most oceanic transforms, has led to the concept of oceanic ''megatransforms'' [Ligi et al., 2002] . A prominent ''transverse ridge'' runs E-W parallel to the transform in the African plate opposite to the eastern ridge/transform intersection; it extends outside the active transform on the northern side of the aseismic fracture zone ( Figure 4a ). The transverse ridge probably originated from flexure and uplift of slivers of oceanic lithosphere originally generated at the western segment of the Mid-Atlantic Ridge. Given a half spreading rate of 16 mm/a [Cande et al., 1988] , the age of this portion of the transverse ridge basaltic crust is over 50 Ma, with some uncertainty due to temporal variations of spreading rate and offset length, as well as to possible migrations of the transform boundary. Transpressive deformation may also have played a role in shaping the Romanche transverse ridge, as suggested by folding and thrusting observed in lower Cretaceous to Eocene deposits immediately E of the eastern ridge-transform intersection [Bonatti et al.,1996; Gasperini et al., 2001] .
[20] The summit of this portion of the transverse ridge reaches $875 m below sea level, a roughly 4 km topographic anomaly relative to the oceanic Pelagic environment Romanche C S16-62/3 RC1 Floatstone-rudstone-framestone with corals (Porites) and with red algae and larger foraminifera.
Fringes of isopachous cement with residual porosity.
Platform margin S16-62/5 S16-62/6 S16-53/13 S16-53/14A S16-53/2 RC2 Packstone-floatstone to wackestone with larger foraminifera (Miogypsina, Amphistegina) and coral fragments. Intense leaching of calcitic Miogypsina tests, reddish micrite intraparticle-porosity infilling.
Inner ramp (temporary exposure)? S16-62/13a S16-62/13b S16-62/13b1 S16-53/2 RC3 Peloidal wackestone-packstone with rare benthonic foraminifera. Diffuse desiccation shrinkage and lithosphere thermal subsidence curve. Multichannel seismic reflection profiles taken along the crest of the transverse ridge revealed three elevated, roughly 50 km long segments, each underlain by a strong horizontal reflector, capped by units that, based on sampling, consist of carbonate platforms [Bonatti et al., 1994b ; Gasperini et al., 1997b] . They have been identified from W to E as Romanche sunken islands A, B, and C (Figure 5) . Sampling of the slopes below Reflectors R 1 (Paleoisland A), R 2 (Paleoisland B), and R 3 (Paleoisland C) released oceanic basalts and dolerites, suggesting that the three horizontal reflectors represent surfaces of erosion at a sea level of the upper basaltic oceanic crust, that had been uplifted above sea level, forming three islands. Assuming a P wave acoustic velocity of 2 km/s for the limestones, a thickness ranging between 200 and 300 m can be estimated for the carbonate platforms.
[21] Paleoisland A (Figure 4b ) is $32 km long in an E-W direction and $6.5 km wide. It displays a $300 m thick carbonate platform; stratified sediments prograde westward from the platform, into a $5 km wide shallow basin bound to the west by a $70 m high and $450 m wide nontransparent relief that based on detailed morpho-bathymetry of Gasperini et al.
[1997b] may represent a continuous bank within the main platform.
[22] Paleoisland B (Figure 4c ) is the smallest (about 5 km wide), it has an irregular morphology probably determined in part by crustal erosional collapse. This relief shows a strong horizontal reflector (R 2 ) below an about 250 m thick carbonate platform.
[23] Paleoisland C has a very regular morphology ( Figure 4d) ; it is about 25 km long (E-W), 1.5 km wide (N-S) and it displays a $300 m thick carbonate platform resting on horizontal reflector (R 3 ). Reflector R 3 lies close to the seafloor at the eastern edge of the relief indicating a portion of erosional surface without a significant carbonate cap.
Romanche Carbonate Platforms: Facies Analysis
[24] Limestone samples recovered from Paleoislands A and C were studied already by Bonatti et al. [1977] . Based on a new study of these and other samples, we recognized eight main facies (Table 1 and Figure 5 ).
[25] The main biota components of the Romanche carbonate platforms are: perforate larger benthic foraminifera, red algae, and corals (mostly Porites). Significant additional components are ooids that show tangential aragonitic needles at the SEM. These components are similar to those observed at the Vema carbonate platform. Textures, structures, and biota assemblages suggest a rimmed shelf with a variety of facies from subtidal to intertidal and Inter-subtidal (temporary exposure) S16-62/8 S16-62/11 S16-62/12 S16-53/4 RC5 Rudstone-floatstone rich in planktonic foraminifera and with bioclasts and carbonate lithoclasts.
Platform slope
Atlantis Bank JR31-34/4a AT1 Floatstone-rudstone with coarse-grained bryozoanechinoid fragment and with benthic foraminifera (mostly lagenids).
Deep platform within the current action JR31-34/4b JR31-34/4c JR31-34/a AT2 Skeletal wackestone-packstone with abundant planktonic foraminifera, benthonic foraminifera (lagenids, miliolids, anomalinids), and bryozoanechinoid fragments.
Deep platform below the current action JR31-34/b JR31-34/c JR31-34/d JR31-24/1 AT3 Planktonic-rich packstone with gravel-sized skeletal fragments of bryozoans, mollusks and larger foraminifera.
Platform-edge slope JR31-24/15 JR31-32/8 JR31-32/10 JR31-32/17 JR31-32/18 JR31-35/5 JR31-35/6 JR31-45/2 AT4 Poorly lithified packstone-wackestone with planktonic foraminifera and fine-grained benthic skeletal debris.
Deep slope JR31-37/1 JR31-37/3 JR31-37/4 JR31-32/9 PALMIOTTO ET AL. : NONVOLCANIC TECTONIC ISLANDS 10.1002/ggge.20279 from the margin (both oolitic shoals and framestone fabric) up to the slope of the platform. No typical lagoon facies material was observed.
[26] The Romanche carbonate platforms record a prolonged period of exposure (documented by fresh-water diagenesis), nondeposition, and lithification. Subsequent extensional tectonics promoted fracturing and formation of neptunian dykes that were filled by new transgressive shallow-water sediments. Paleoislands A and C show contrasting facies distribution. Oolitic sands are dominant in [Lees, 1975] ; thus, they are not common in carbonates from the equatorial region. The easternmost edge of Paleoisland C, on the contrary, is rich in coral reef materials. The intense phosphatization of the oolitic facies and the unusual presence of planktonic foraminifera as nuclei of ooids suggest high water fertility, probably induced by upwelling currents [Hallock and Schlager, 1986] . Modern carbonate platforms show a significant influence of the prevailing wind directions on the type of carbonate production. Examples from the Atlantic Bahamian platforms [Gebelein, 1974] and from western Pacific platforms [Wilson and Vecsei, 2005] provide evidence that framework-built marginal reefs develop mostly on margins facing into the prevailing wind-related current direction. The Romanche sunken islands, lying in the belt of trade winds blowing persistently from the East, may be affected by strong upwelling of nutrient-rich deep waters on their western lee side, explaining the development of oolitic shoals on Paleoisland A. The oolitic sands, under the trade winds influence, underwent reworking and off-bank transport promoting deposition at the bank edge and its westward-prograding geometry. At the same time, persistent wind-generated wave action on the eastern side may have promoted mixing of the surface waters, helping the growth of patch reefs on Paleoisland C.
[27] Calcareous nannofossil biostratigraphy on four samples from Paleoisland A gives ages older than 3.8 Ma and 0.46 Ma (see online supporting information).
Sr Isotopic Ages of Romanche's Limestones
[28] 87 Sr/ 86 Sr ratios measured in samples of Romanche carbonate Paleoisland A give an oldest age close to $10 Ma (Table 2) . Sr isotopic data are available for only one sample from Paleoisland C, with a calculated age of $6 Ma (Table 2) .
Sunken Island at the Atlantis II Transform
[29] The Atlantis II transform offsets the ultraslow spreading Southwest Indian Ridge by about 200 km (Figure 6a) . A deep transform valley is bordered by a 6 km high transverse ridge created by a 7.5 Ma long transtension phase due to a spreading direction change at $19.5 Ma [Dick et al., 1999 , Baines et al., 2003 . Atlantis Bank lies on this ridge reaching a minimum depth of 700 m close to the center of the transform offset. It is 100 km from the eastern ridge-transform intersection and has a crustal age of $11.3 Ma [Dick et al., 2000] .
The summit is a 25 km 2 wave-cut platform with a total relief of $50 m with numerous low erosional haystacks clustered in its center surrounded by a smooth gently sloping terrace consisting of exposed gabbro-mylonite bedrock and carbonate beach sands [Dick et al., 1999] . The Ocean Drilling Program drilled 1504 m into Atlantis Bank, recovering 1308 m of gabbro and a single 0.5 m diabase dike from Hole 735B [Dick et al., 2000] . This confirmed that Atlantis Bank is an uplifted block of lower crust exposed in a large oceanic core complex [Natland and Dick, 2001] . The bank, due to the remarkable preservation of ancient shorelines and beaches, was named for the fabled island of Atlantis. Atlantis Bank, contrary to the other tectonic islands we have studied, has no carbonate platform due to its paleo and present position south of Darwin's carbonate line, where reef carbonates are not found [Grigg, 1982] .
Atlantis Bank Carbonate Platform: Facies Analysis
[30] A number of limestone samples were dredged from the summit of Atlantis Bank. Four main facies were identified based on sedimentary textures and biotic components (Table 1 and Figure 6 ). The most abundant biota components are bryozoans, mostly in the erect growth forms [in the sense of Nelson et al., 1988] . Mollusks are locally as abundant; benthonic foraminifera are ubiquitous (especially lagenids and miliolids; Figures 6b and 6c) ; planktonic foraminifera are also common and are dominant in muddy sediments (Figure 6d ). Red algae are absent or present just as fine-grained fragments. Nonskeletal carbonate grains (e.g., ooids) as well as coral framestone are totally absent. This skeletal composition is commonly known as ''foramol'' and ''molechfor'' or, more generally, as a heterozoan association [in the sense of James, 1997] , typical of temperate water carbonate deposits. It is consistent with Atlantis Bank being located within the southern warm temperate biogeographic province, roughly parallel to the equator, at approximately 30 S latitude. Sediments with bryozoan-dominated skeletal material are deposited in modern and tertiary carbonates from subtropical to temperate carbonate platforms in the Mediterranean realm [Nebelsik, 1989; Fornos and Ahr, 1997; Mutti et al., 1997; Corda and Brandano, 2003 ] as well as in southwestern Australia and New Zealand [Nelson et al., 1988 ; James et al., 1992] and in the US Mid-Atlantic coastal plain [Coffey and Read, 2007] .
[31] The location of Atlantis Bank suggests similarity with the high-energy hydrodynamics off southern Australia rather than the relatively quiet waters of the Mediterranean Sea. In particular, the Lacepede shelf and the Rottnest shelf, along the southern and southwestern Australian continent [James et al., 1992 [James et al., , 1999 , appear to be appropriate modern counterparts for the Atlantis Bank carbonates. These shelves are commonly swept by ocean swells that move sediments to depths of 140 m. Above this depth (between 80 and 140 m) bryozoan-rich sands dominate; below bryozoanrich muddy facies are prevalent [James et al., 1992] .
[32] Based on texture and biotic components, the limestones from Atlantis Bank were deposited on a 100-200 m deep platform, both in a high-energy zone affected by strong waves and currents (testified by grain-supported textures, microfacies AT1; Table 1 and Figure 6b ) as well as in a lowenergy environment, below the swell base, where skeletal fragments removed from shallower zones could accumulate together with muddy sediments (matrix-supported textures, microfacies AT2; Table 1 and Figure 6c ). Strong currents affecting the Atlantis Bank carbonate platform may explain the large amount of gravel-sized skeletal debris swept from shallower areas into deeper zones and the slope. The swell base could have been the depth limit between high-energy and low-energy environments, explaining the high proportion of mud in a poorly sorted skeletal facies (AT3 ; Table 1 and Figure 6d) . In analogy to observations by James et al. [1992] , the shallow platform may have been a zone of minor carbonate accumulation, whereas the deeper shelf and slope could have represented a zone of active sediment accumulation.
[33] The scarcity absence of important calcareous phototrophs such as red algae, common in many nontropical carbonates, may indicate deposition under poorly lighted waters and under eutrophic conditions [Mutti and Hallock, 2003; Halfar and Mutti, 2005] . The Atlantis Bank carbonates may have been deposited within an open, deep platform characterized by poorly lighted waters with high nutrient levels caused by oceanic upwelling. A relatively deep and eutrophic environment is suggested also by: (a) the presence of deep benthonic foraminifera (such as lagenids); (b) the dominance of filter-feeding organisms such as bryozoans and echinoids; and (c) the abundance of planktonic foraminifera and the common occurrence of boring activity. Age determinations of some Atlantis Bank samples are constrained by planktonic assemblages (L. Di Bella, 2013 personal communications). Globorotalia margaritae, Globorotalia tumida, and Globorotalia gr. crassaformis occur in samples JR31-24/1 and JR31-24/15 suggesting a Zanclean age (early Pliocene) [Bolli and Saunders, 1989; Iaccarino et al., 2007] in agreement with Sr isotopic ages.
[34] Nannofossil calcareous biostratigraphy of seven samples gives ages ranging between middle Miocene to Pleistocene (see online supporting information). [35] 87 Sr/ 86 Sr calculated ages measured in bulk and in isolated bioclastic fragments range between 4.5 and 2.3 Ma (Table 2 ). These ages, significantly younger than the Atlantis Bank crustal age, show that the carbonate samples were deposited far from the ridge-transform intersection after the Bank sank below sea level.
Sr Isotopic Ages of Atlantis Bank's Limestones
A Modern Example of Oceanic Tectonic Island: St. Peter-Paul Rocks
[36] The islets of St. Peter and St. Paul are located in the equatorial Atlantic (Figure 1 ) along the St. Paul transform system, which offsets the MidAtlantic Ridge by 580 km. Darwin landed on the islets from the Beagle in 1832 and recognized that they are different from most oceanic islands in so far as they are not volcanic [Darwin, 1839] ; in fact, they are made mostly of mylonitized mantlederived lherzolite [Melson et al., 1972; Bonatti, 1990] (supporting information Figure S1 ). There are five larger islets covering about 15,000 m 2 ( Figure 7) ; the maximum height above sea level reached by the islets is about 18 m. The islets are at the summit of an East-West transverse ridge extending for $90 km adjacent the active St. Paul transform domain (St. Peter and St. Paul's Massif, according to Hekinian et al. [2000, Figure 7] ). Transcurrent and transpressive seismic epicenters [Wolfe et al., 1993] and high-resolution bathymetry indicate that the Massif is affected by a left overstep along the right-lateral fault that causes transpressive uplift (Figure 7 ).
[37] Two erosional terraces are present in the three largest islets, 4-5 and 7-9 m above sea level [Motoki et al., 2009] , suggesting similar rates of uplift and absence of tilting in the islets. Based on 14 C age determinations on fossil sea level markers, the islets were subjected to uplift during the last 6600 years at an average rate of $1.5 mm/a [Motoki et al., 2009; Campos et al., 2010] . St. Peter and St. Paul, then, are transform-related tectonic islands ''in the making,'' with uplift that may possibly be followed by future subsidence, erosion, and formation of a carbonate platform.
Discussion
Environmental Significance of the Vema and Romanche Carbonate Facies
[38] The Vema and Romanche platforms show carbonate facies typically consisting of ''rhodalgal associations'' dominated by red algae and perforate large benthic foraminifera. Although corals were abundant during the Miocene, coral communities are present only as locally minor patch reefs, in contrast with many well-known examples from warm-water carbonate systems [Lees and Buller, 1972] . Factors influencing the biota communities include temperature and water fertility [Lees and Buller, 1972; Pomar, 2001; Brandano and Corda, 2002; Mutti and Hallock, 2003; Brandano et al., 2010] . Optimal temperature range for coral reef development is between 23 and 25 C [Veron, 1995] . Concerning nutrients, Larson et al. [1995] as well as Wilson et al. [1998] report a latitudinal crisis belt coinciding with the high productivity-upwelling equatorial belt. Tropical ''nonchlorozoan'' deposits similar to our carbonate facies are reported by Wilson and Vecsei [2005] in modern and Cenozoic platforms from SE Asia and northern Australia, inferring preferential development of these facies in humid tropical or nutrient upwelling areas. Based on latitude of the Vema and Romanche carbonate platforms, high seawater fertility rather than temperature was probably a major controlling factor. Equatorial upwelling and humid conditions may have increased shallow water absorption of light, favoring plankton blooms (note the abundance of planktonic foraminifera as nuclei of ooids and/or planktonic foraminifera with incipient coatings). This created conditions suitable for carbonate platforms dominated by nonframework building biota, such as larger benthic foraminifera and coralline algae, with only minor patch reefs containing Porites.
[39] The occurrence of Amphistegina in the limestones of Romanche Paleoisland C ( Table 1 ) may suggest that these equatorial platforms could have served in the Miocene as stepping stones for the Caribbean-type Amphistegina assemblages that extend across the Atlantic to the Cabo Verde Islands [Bernoulli et al., 2007] .
[40] The absence of reef facies on the Vema platform, in contrast to its presence, although minor, at the Romanche platforms, could be due to differences in water quality, related to run-off from adjacent land areas. Humid equatorial regions produce high terrestrial runoff and onshore organic productivity. As shown by Miocene equatorial carbonates from Indonesia [Wilson, 2002] , some organisms are tolerant of high nutrient input (i.e., larger benthic foraminifera, pectinids, coralline algae, and echinoids) while corals (i.e., hermatypic corals) appear to be less tolerant. The latitude of the Vema transverse ridge (11 N) is close to that of Caribbean reefs off northern Venezuela. Reef building suffered in this region (Falc on Basin) a decline in Early Miocene time attributed to changes in regional water quality [Edinger and Risk, 1994; Von der Heydt and Dijkstra, 2005] . Johnson et al. [1990] suggest that a switch in the outlet position of an ancestral Orinoco River might have caused the regional decline in reef building by altering surface-water characteristics just as modern Orinoco and Amazon outflows exert strong control on shallow-water habitats off the coast of northeastern South America. Observations from space, Hu et al. [2004] demonstrated the influx of continent-derived materials on open ocean waters over distances exceeding 2000 km. Considering spreading rates, the Vema carbonate platform was closer to the continent during MidMiocene, suggesting that the Orinoco River terrigenous input influenced the carbonate producing biota, inhibiting the growth of coral communities. 
Origin of Oceanic Tectonic Islands
[41] The nonvolcanic islands described in this paper formed due to vertical motions of lithospheric blocks related to transform tectonics. Even slight changes in ridge/transform geometry, i.e., changes in orientation of mid-ocean ridge segments offset by transform boundaries, can cause either transtension or transpression along the transform resulting in vertical motions of lithospheric slabs [Bonatti, 1978] . Modern tectonic islands St. Peter-Paul Rocks, are still in a phase of uplift, representing the youthful stage in the ''uplift-emersion-erosionsubsidence-carbonate platform formation'' cycle typical of tectonic islands.
[42] Vertical motions are particularly well constrained at the Vema transform [Bonatti et al., 2005] . Ridge-parallel seafloor fabric immediately south of the Vema transform changed orientation by $5
in $11-10 Ma crust, implying a slight change in ridge/transform geometry that caused transtension normal to the transform. Flexure of the lithospheric slab bordering the southern side of the transform followed, with uplift of the edge of the slab along the transform boundary. Modeling suggests that uplift was maximal where lithospheric thickness was highest [Bonatti et al., 2005] , that is, in the oldest western part of the slab that emerged above sea level. Uplift ceased after the ridge-transform system settled into the new geometry. Subsidence, subaerial erosion and truncation of the emerged slab at a sea level and growth of a shallow-water carbonate cap followed. The 11-10 Ma Sr isotopic ages of the carbonate platform are compatible with the timing of the flexure and uplift of the lithosphere slab estimated from magnetic anomalies. However, the presence in some of the platform samples of early Miocene fossils [Bonatti et al., 1994a] may indicate a first stage of crustal uplift at the inside corner high, followed by the transtensional uplift at 11-10 Ma. The average subsidence rate of the Vema transverse ridge has been estimated assuming that it subsided as a single block starting soon after the end of the uplift phase at 10 Ma. The spreading half rate decreased from 17.2 mm/a between 26 and 19 Ma to $16.9 mm/a between 19 and $10 Ma, and then to $13.6 mm/a from 10 Ma to present [Bonatti et al., 2003] , implying a 26-23 Ma crustal age below the carbonate cap. The wavetruncated horizontal surface of oceanic crust at the base of the carbonate platform lies presently 1100 m below sea level, suggesting an average subsidence rate slightly over 0.1 mm/a. This rate is higher than thermal subsidence (<0.1 mm/a) of 26-23 Ma old crust predicted by the depth/square root of age law.
[43] The three Romanche sunken islands also formed due to transform-related transtension/ transpression, although processes and timing are less precisely constrained than at Vema. Given that erosional surfaces R 1 , R 2 , and R 3 lie at about the same depth below sea level, platforms A, B, and C formed probably during the same time interval. Combining sea level changes, stratigraphic determination on key fossil species, and the growth potential of bioconstructors through a numerical model, an age range between 23 and 17 Ma was obtained for platform A [Gasperini et al., 1997a] . This suggests a 0.06 mm/a subsidence rate of the Romanche sunken islands since middle Miocene, assuming a present day 1200-1300 m depth of the erosional surface at the base of the carbonate platform. Sr isotopic ages of Romanche platform A samples (up to 10 Ma) are significant lower than those estimated by Gasperini et al. [1997b] . The complex tectonic framework of the eastern Romanche may have resulted in multiple stages of transtension/transpression and in more than one event of uplift, emersion and subsidence.
[44] Atlantis Bank originated as an oceanic core complex emplaced at the eastern ridge-transform intersection of the Atlantis II Fracture Zone on the Southwest Indian Ridge, that subsequently underwent additional uplift due to transtension across the transform due to a spreading direction change. Our data show that the carbonate rocks include a fauna deposited at around 100-200 m water depth around 4.5-2.4 Ma. It is presently $700 m deep, giving a subsidence rate of 0.1-0.2 mm/a. Assuming a constant subsidence rate, the bank was at sea level at around 7-5 Ma, earlier if the subsidence was faster. The exposed gabbros on the wave-cut platform are deeply pitted where chemical erosion removed plagioclase. Thus, layering and other features defined by less easily weathered pyroxene and amphibole stand out in videos and still camera images (supporting information Figure S2 ). This form of weathering is generally associated with a subaerial environment. Pitted samples and outcrops were collected by the Shinkai 6500 submersible down to below 1700 m water depth. Thus, given the subsidence rate inferred from our dating, Atlantis Bank was probably uplifted to $1000 m above sea level at or near the inside corner high. Similar modern uplifts are not known at ridgetransform intersections. However, Anna de Koningh Seamount is an ultramafic/gabbro tectonic block [Fisher et al., 1986] uplifted to $À234 m at the western inside-corner high of the DuToit F.Z. on the Southwest Indian Ridge, suggesting that large uplifts can occur in such settings.
Oceanic Islands: A Classification
[45] Oceanic islands (excluding continental fragments) can be classified in two main groups: (a) ''hot'' volcanic islands and (b) ''cold'' tectonic islands. The ''hot'' volcanic islands include two subgroups: (a 1 ) islands formed by excess volcanism due to mantle melting anomalies either along mid-ocean ridges or within oceanic plates; (a 2 ) islands formed by excess volcanism due to suprasubduction ''wet'' mantle melting, i.e., island arcs. ''Cold'' tectonic islands include those due to transform-related vertical tectonic movements of slivers of oceanic lithosphere, as described in this paper (Figure 8 ). Tectonic islands are preferentially found along transverse ridges and insidecorner highs flanking transform faults at slow and ultraslow spreading ridges, where large vertical motions are common (Figure 8 ).
[46] ''Hot'' islands rise above sea level, evolve, and sink within time intervals that depend mostly on the velocity of the oceanic plate relative to the source of the mantle melting anomaly. The lifetimes of volcanic islands from fast-spreading oceans (i.e., the Hawaiian Chain) tend to be shorter than those from slow-spreading oceans (i.e., Canaries, Cabo Verde). Hot islands are generally constructed of erupted basaltic rocks, including low-density pyroclastics and hyaloclastites. Tectonic islands, however, are made of marks the location of (right) the topographic profile. Phase I: Formation of a prominent inside-corner high at a long-offset ridge-transform intersection. Inside-corner high may reach sea level. Phase II: Change in plate kinematics causing local transtensional/transpressional tectonics resulting in uplift of a sliver of oceanic lithosphere and formation of the transverse ridge [Bonatti et al., 1994b; Pockalny et al., 1996; Bonatti et al., 2005] . Phase III: End of uplift and erosion of the emerged portions of the transverse ridge at or close to sea level with the formation of wave-cut terraces. Thermal subsidence starts allowing space for carbonate platform growth. Phase IV: Carbonate platform drowning due to environmental stress-induced deterioration in the potential for platform growth and/or tectonic-controlled rapid-sinking of the transverse ridge.
uplifted tectonic massifs of lower ocean crust and mantle gabbro and peridotite, unroofed along detachment faults at ridge/transform intersections and/or uplifted due to changes in ridge/transform geometry causing transtension and/or transpression. Although they generally have an anomalously high bulk density compared to the surrounding crust, they are often anomalously uplifted relative to the age-depth subsidence curve.
[47] Carbonate platforms can develop on oceanic islands, given favorable biological, physical, and chemical conditions. The geometry of carbonate platforms depends on: pre-existing topography (either a volcanic system or an uplifted lithospheric block), as well as on hydraulic energy and type of produced sediment that, in turn, is controlled by environmental conditions. The morphology of the platforms tends to be different in the two classes of islands. Volcanic islands tend to form circular or subcircular platforms, that can enclose areas of low-energy (lagoons), in a scheme hinted at already by Darwin [1842] . In contrast, tectonic islands, generally associated with transform offsets, form long and narrow platforms, elongated parallel to the transform (Figure 8 ). An example is the $50 km long, $3 km wide Vema Paleoisland (Figures 2a and 3a) . Low-energy lagoons are rare in tectonic islands, due to their long-narrow basement morphology.
[48] Rate of production and accumulation of carbonate sediments is affected by rate of vertical motion and eustatic sea level oscillations, that is, the rate at which accommodation space is created. During sea-level rise, platforms on volcanic islands can aggrade in all depositional systems (from the lagoon to the margin) enhancing carbonate production, and can aggrade and prograde during sea-level fall and still stand (low or highstand). In contrast, carbonate platforms on tectonic island can aggrade during sea-level rise but their peculiar long and narrow morphology can affect the efficiency of the carbonate factory and thus the amount of carbonate production. During sea-level fall and still stand, being the escarpments generally very steep, little progradation can occur and significant volumes of produced material may be shed off the platform edge into the transform valley.
[49] In conclusion, the evolution of tectonic sunken islands in the Atlantic and in the Indian Oceans has been reconstructed based on seismic reflection data, facies analysis, and carbonate Srisotopic dating. St. Peter-Paul Rocks (equatorial Atlantic) are a modern example of a tectonic island ''in the making.'' ''Cold'' tectonic islands from different oceans and spreading rates display similar histories of uplift and subsidence, driven by the combined effects of vertical tectonics and lithospheric cooling, different from those of typical ''hot'' volcanic islands characterized by rapid growth and subsequent monotonic subsidence.
